Abstract: Mid-infrared bright objects in the direction of the Galactic Bulge were investigated using time series photometry from the MACHO data archive, which led to the discovery of a large number of long-period variables. Among these, a total of 192 bona-fide Mira variables was identified, which -to the best of our knowledge -are reported here for the first time. Together with the results from our previous investigations, we thereby bring the number of Mira variables found in the MACHO Galactic Bulge fields to a new total of 1286 stars. Light curves, folded light curves and summary data for all new Mira variables are presented and their properties in colour-
Introduction
Mira stars, named after their bright prototype Mira ('the wonderful', ο Ceti), are radially pulsating variables exhibiting large photometric amplitudes and periods on the order of 80 ≲ P(d) ≲ 1000, although stars with longer periods of up to 2000 days exist [1] . By definition, Mira stars show amplitudes of ΔV ≥ 2.5 mag [2] , although this cut-off is to some extent arbitrary and results in physically similar stars being classified as semi-regular variables (GCVS-type SRA). Observed light amplitudes in the infrared are much smaller (e.g. ΔI ≥ 0.8 or 0.9 mag; ΔK ≥ 0.4 mag [3] ).
Miras are low-and intermediate-mass stars in an advanced, short-lived (~2 x 10 5 years) state and populate the tip of the asymptotic giant branch (AGB) [4] . They are late-type stars with spectra indicative of strong molecular absorption features (e.g. TiO, ZrO, CN) and emission lines that result from pulsation-related shock waves. Thus, they are found at spectral types Me (oxygen-rich atmosphere), Ce (carbon-rich atmosphere), or, more rarely, Se (intermediate) [3] . The Mira phase is characterised by heavy mass loss, which is why Miras often show considerable circumstellar extinction because of thick dust shells (e.g. [5] ). This holds true especially for the longer-period objects.
Mira variables have been shown to follow a distinct period luminosity relation [6] . Because of their luminosity, they are important distance indicators and tools for investigating Galactic structure (e.g. [7] ). It is therefore important to increase the sample size of known Mira variables. Our own efforts in this respect [8, 9, 10] have led to the identification of 1094 Mira variables in the Massive Compact Halo Object (MACHO) project data archive.
In the present investigation, we report on the discovery of an additional 192 Mira variables in the MACHO data archive that have been found by a different methodological approach. Observations and target selection are described in Section 2, data are analysed in Section 3. Results are presented and discussed in Section 4, and we conclude in Section 5.
Observations and Target Selection

The Massive Compact Halo Object (MACHO) Project
Aim of the MACHO Project was the search for dark matter in the form of massive compact halo objects, so called 'MACHOs'. To this end, millions of stars were monitored in the Magellanic Clouds and the Galactic Bulge in order to search for gravitational microlensing events caused by the -otherwise invisible -MACHOs [11] . As a by-product, thousands of variable stars were discovered in the resulting photometric data.
Observations were carried out between 1992 and 2000 with the 1.27m Great Melbourne Telescope situated at Mount Stromlo in Australia. Using a dichroic beam-splitter, all observations were taken simultaneously through the non-standard MACHO blue filter (~4500-6300 Å; hereafter MACHO Bband) and MACHO red filter (~6300-7600 Å; hereafter MACHO R-band) with a combination of eight 2048*2048 CCD cameras [12] . For more information on the MACHO project, the reader is referred to [11, 12] . MACHO observations are available online through the MACHO Project data archive 1 .
Target Selection
In our previous searches for Mira variables in the MACHO data archive, objects whose MACHO Rband light curves show a larger deviation than that of other stars of similar magnitude were selected and visually inspected in order to find suitable candidates. For the present investigation, a different methodological approach was taken. Mid-infrared bright objects in the direction of the Galactic Bulge 2 were chosen using observations from the Wide-field Infrared Survey Explorer (WISE), which surveyed the whole sky in the four infrared bands W1, W2, W3, and W4, which are centered at 3.4, 4.6, 12, and 22 μm, respectively [13] . Only objects with W4 ≤ 4 mag were selected for the construction of an initial sample of candidate variable stars. This cut-off was imposed because these W4-bright objects appear as a general 'nuisance' in studies of star-formation regions towards the Galactic bulge (J. Alves, private communication). We also expect that with this cut-off we can identify objects with a clear shell signal that are likely to correspond to dust-veiled AGB stars.
Data Analysis
Light curves of our candidate stars were downloaded from the MACHO data archive and MACHO instrumental magnitudes were transformed on to the Kron-Cousins system by using equation (2) of [12] . The light curves were visually inspected, which led to the discovery of 1169 clearly variable objects (mostly large amplitude semi-regular and Mira variables). Doubtful cases and stars whose variability is obviously caused by instrumental artifacts (mostly blending issues) were rejected.
In order to separate Miras from semi-regular variables, stars with an amplitude > 2 mag (R C ) were selected (cf. [9, 10] ). Objects exhibiting significant changes in amplitude, mean magnitude and / or period suggesting semi-regularity were subsequently rejected. The sample of Mira variables was cross-matched with the 2MASS Catalog [15] , from which we derived astrometric positions and near-infrared color indices. Each object was checked against the VizieR service [16] and the AAVSO International Variable Star Index (VSX; [17] ) for any information in variability catalogues about the existence of a Mira star at the given position. Known Mira variables were dropped from the sample. In total, we identified 192 new bona-fide Mira variables.
Results
The New Sample
Following the methodology outlined above, a total of 192 Mira variables in the direction of the Galactic Bulge were found in the MACHO data archive. To the best of our knowledge, these Miras are reported here for the first time. Light curves, folded light curves and summary data for all new Mira variables are presented in the Appendix (Table 1 and Figure 6 ).
Statistical Analyses
In the following subsections, statistical properties of the present sample of mid-infrared bright Mira variables (N = 192) are investigated and compared to the properties of the sample of Mira variables from the MACHO Galactic Bulge fields presented in [8, 9, 10] (N = 1094). For ease of use, the present sample is referred to in the following as the MIBR (mid-infrared bright) sample.
Period Distribution
A comparison of the period distribution of the MIBR sample (N = 192) with the sample of Mira variables presented in [8, 9, 10] (N = 1094) is shown in Figure 1 (cf. also Figure 6 in [10] ). It becomes obvious that the MIBR sample contains considerably more Miras of longer period, particularly in the range 350 ≤ P(d) ≤ 500. Several Miras of the sample show periods close to one year, which results in poor phase coverage that may pose problematic for standard period search algorithms. However, in our previous searches for Mira variables in the MACHO database [8, 9, 10] , suitable candidates were chosen by visual inspection only. We therefore expect no bias in the discovery of variables with periods close to one year in our previous samples and are confident that the excess of long-period Miras in the MIBR sample is significant and an intrinsic characteristic of the sample.
An excess of long-period Miras is to be expected as the present sample is exclusively made up of mid-infrared bright stars with W4 ≤ 4 mag (cf. Section 2.2), which correspond to highly reddened objects. It is a well-known fact that long-period (log(P) ≳ 2.5; cf. e.g. [19] ) Miras are prone to exhibiting considerable colour excess due to circumstellar dust shells [19] ; thus, very red Miras are usually also long-period Miras. This phenomenon is also obvious in the period-colour diagram presented below (cf. Figure 3 ). 
Colour-Magnitude Diagram
A colour-magnitude diagram, based on 2MASS photometry, is presented in Figure 2 . 2MASS observations generally consist of six consecutive exposures for a total integration time of 7.8 seconds [15] . Most objects were visited only once during the course of the survey, which also applies to the Miras of the MIBR sample. Some scatter, therefore, would be expected due to the unknown pulsational phase at which the 2MASS observations were taken.
However, the observed amplitudes of Mira variables in the K s -band are relatively small (cf. Section 1), and the scatter introduced by the single-epoch measurements is very small in comparison to the distribution of brightness in Figure 2 . This also holds true for the (H-K s ) colour index derived from 2MASS and employed in Figure 3 . Thus, the scatter introduced by the single-epoch measurements is negligible in this context and does not preclude us from drawing conclusions from Figures 2 and 3.
Note the 'red tail' of Miras with (H-K s ) ≥ 1 that extends to (H-K s ) ~ 1.5, which is present in both samples. The presence of this feature confirms the findings of [19] (cf. in particular their Figure 7 ) and is most obvious in the colour-magnitude diagram for the sample of Mira stars from the OGLE-III Catalog of Long-Period Variables (LPVs) in the Galactic Bulge [20] , which is presented in Figure  7 of [10] . Apparently, Miras with (H-K s ) ≥ 1 become fainter in the K s-band with increasing (H-K s ), which is likely caused by circumstellar extinction due to dust (e.g. [21] ). As expected, the Miras of the MIBR sample are mostly situated at the red ((H-K s ) ≳ 0.60 mag) and bright (K s ≲ 7.5 mag) end of the 'main clump' of Mira variables in the diagram. 
Period-Colour Diagram
A period-colour diagram is given in Figure 3 , which confirms that Miras of longer period have larger (H-K s ) values and hence redder colours. This agrees with earlier findings from OGLE data [19, in particular their Fig. 10 ], where a significant increase or even a step in (H-K s ) colour is reported at log(P) ~ 2.6. This is likely caused by colour excess due to circumstellar dust that is observed for Miras with periods longer than this value (cf. Section 4.2.1 and [19] ). The Miras of the MIBR sample are nearly exclusively found among the long-period objects with log(P) ≳ 2.5. 
Period-Magnitude Diagram
Variable red giant stars occupy several well-known sequences in period-luminosity space [22] . Miras and Mira-like semi-regular variables occupy what is commonly referred to as sequence C and are well separated from semi-regular variables of smaller amplitude (like e.g. the so-called OSARG (OGLE Small Amplitude Red Giant) variables). We have investigated the distribution of the MACHO Mira samples in the near-infrared period-magnitude diagram, using 2MASS K s photometry, which -for red giant stars in the Galactic Bulge -serves as a reasonable proxy for absolute magnitude (Figure 4) . Again, as expected, the Miras of the MIBR sample are situated almost exclusively at the bright, long-period end. Although there is considerable scatter due to reddening (line-of-sight extinction, circumstellar extinction), the general trend is clearly visible and our result is in excellent agreement with the findings in the literature (cf. e.g. [20] , especially their Figure 5 , and [22] ).
At very strong circumstellar extinction, even the near-IR K s band loses its power as luminosity indicator of red giant stars. In order to reduce the effects of extinction, we have constructed a period-magnitude diagram for the MIBR sample that is based on the reddening-independent Wesenheit index W JK (e.g. [20] ), the result of which is shown in Figure 5 . The Wesenheit W JK index is defined as
This helps to reduce the scatter and narrow down the sequence, although some clear outliers remain that have a severe effect on the linear regression fit. Nevertheless, sequence C is clearly visible in the plot. 
Conclusion
We have investigated mid-infrared bright objects (WISE W4 ≤ 4 mag) in the direction of the Galactic Bulge using time series photometry from the MACHO data archive, which led to the discovery of a large number of long-period variables. A total of 192 bona-fide Mira variables was found, which have not been included in existing variability catalogues, and which are -to the best of our knowledge -announced here for the first time. Together with the results from our previous investigations [8, 9, 10] , we bring the number of Mira variables found in the MACHO Galactic Bulge fields to a new total of 1286 stars.
We present light curves, folded light curves and summary data for all new Mira variables and investigate their properties in colour-colour, period-colour and period-magnitude space. As expected, the present sample of mid-infrared bright objects is composed mostly of luminous, longperiod Miras. Figure 6 -Light curves (left panels) and folded light curves (right panels) of the 192 Mira variables identified in this work, based on MACHO R C data. Data have been folded with the periods listed in Table 1. 49
